Background: Sleep-disordered breathing (SDB) is associated with adverse outcomes in patients with chronic heart failure (CHF). Additionally, heart rate turbulence (HRT) reflects changes in the sinus cycle length of baroreceptor in response to hemodynamic fluctuations after ventricular premature beat. Recent studies have suggested that HRT as a marker of vagal activity has a predictive value of poor prognosis in CHF patients. However, little is known about the relationship between SDB and HRT in CHF patients.
Introduction
Despite recent advances in its medical management, chronic heart failure (CHF) still leads to high mortality and morbidity. CHF is characterized by an autonomic imbalance with impaired vagal activity and increased sympathetic activity [1] . Furthermore, reduced vagal activity is associated with increased mortality [2] , and recent vagal nerve stimulation for CHF reportedly improved cardiac function and prognosis [3, 4] . Hence, assessment of vagal function is thought to be important in CHF.
About 50% of CHF patients have sleep-disordered breathing (SDB), which consists of obstructive sleep apnea (OSA) and Cheyne-Stokes respiration with central sleep apnea (CSR-CSA). SDB, especially severe SDB, is associated with cardiovascular mortality [5] [6] [7] . Some studies have demonstrated that SDB is associated with occurrence of ventricular arrhythmias [8, 9] and an adverse prognosis in CHF patients [10, 11] . However, the mechanism of impact of SDB on CHF patients with respect to vagal function remains unclear. Heart rate turbulence (HRT), which presents baroreceptor responses and is a marker of vagal function, is an independent predictor of mortality in CHF patients [12] [13] [14] [15] . Therefore, we sought to clarify the relationship between the severity of SDB and vagal function (HRT) in CHF patients.
Methods

Study subjects and study protocol
This study enrolled 112 consecutive patients with CHF who were referred for an overnight test with a portable sleep monitor and a 24-hr Holter ECG test, regardless of SDB symptoms, at Fukushima Medical University. Inclusion criteria were (1) the presence of symptomatic CHF in New York Heart Association class II-III [16] , (2) the enforcement of standard pharmacotherapy (including b-blockers), and (3) stable clinical status, which was defined as receiving optimal medical therapy and being without worsening of heart failure for at least 2 months prior to study enrollment. Exclusion criteria were: (1) the presence of atrial fibrillation or a pacemaker implantation, (2) a few ventricular premature beats (less than 10 beats), (3) acute coronary syndrome, and (4) recent SDB treatment. In this study, patients with atrial fibrillation (n = 17), pacemaker implantation (n = 9), and a few ventricular premature beats (n = 11) were excluded. Finally, we analyzed 75 patients.
We performed simultaneous overnight portable sleep monitoring and 24-hr Holter ECG monitoring. Standard Holter ECG recorders (LS-300, Fukuda Denshi Co., Ltd., Tokyo, Japan) were used to acquire data. Two independent physicians, each one blinded to the results of the other, analyzed polygraphy and Holter ECG. Written informed consent was obtained from all study subjects. The study protocol was approved by the Ethical Committee of Fukushima Medical University.
Portable sleep monitor
All subjects underwent overnight polygraphy with the use of standard techniques [17] . Overnight sleep study was performed using a cardiopulmonary monitoring (type 3 polygraph) system (LS-300, Fukuda Denshi Co., Ltd., Tokyo, Japan) which monitored the electrocardiogram, thoracoabdominal motion, and nasal airflow by an airflow pressure transducer, and arterial oxyhemoglobin saturation (SpO 2 ) by pulse oximetry as previously reported [17] . Apnea was defined as an absence of airflow for more than 10 sec. Hypopnea was defined as a .30% reduction in monitored airflow accompanied by a decrease in SpO 2 .3% [18] . Standard definitions for OSA and CSA were made based the presence or absence of rib cage and abdominal excursions with an absence of airflow. The respiratory disturbance index (RDI) was defined as the number of apneas and hypopneas per hour during the time in bed. All subjects were divided into two groups based on the presence or absence of severe SDB [5] [6] [7] by a portable sleep monitor: Group A (RDI$30/h, n = 17) and Group B (RDI,30/ h, n = 58). The major polygraphic parameters investigated were RDI, central-RDI, obstructive-RDI, lowest pulse oxygen saturation (lowest SpO 2 ), and mean pulse oxygen saturation (mean SpO 2 ) [17] . These data were visually inspected and scored by a single experienced laboratory technician who was blinded to the other results.
Measurement of HRT and HRV
All patients underwent 24-hr Holter ECG and we obtained their HRT and heart rate variability (HRV) parameters as previously reported [13, 19] . ECG signals were obtained from a Holter system (LS-300, Fukuda Denshi Co., Ltd., Tokyo, Japan) at a sampling frequency of 125 Hz. The Holter automatic arrhythmia analysis system (SCM8000, Fukuda Denshi Co., Ltd., Tokyo, Japan) identified all the R wave positions and excluded the abnormal beats such as ventricular ectopic beats, supraventricular ectopic beats, and artifacts. HRT was defined as abnormal according to the definition proposed by Schmidt et al [19] . HRT parameters were analyzed across a 24-hour period and during 2 intervals (in a 24-hour period, during daytime, and in sleep time defined by the behavior records of patients). The turbulence onset (TO) was defined as the difference between the mean of the first 2 sinus RR intervals preceding the ventricular premature complex (VPC) and the mean of the subsequent two sinus RR intervals, expressed as a percentage. TO abnormality was defined as being more than 0% [13, 19, 20] . Turbulence slope (TS) was defined as the maximum positive value of the slope of a regression line assessed over any sequence of five subsequent sinus-rhythm RR intervals within the first 20 sinus-rhythm intervals after VPC. If more than one positive slope occurred in this period, the first positive slope was used. The value of TS was expressed in milliseconds per RR interval. TS abnormality was defined as less than 2.5 ms/RR [13, 19, 20] . When using the two HRT parameters simultaneously, patients were categorized as having both HRT parameters normal (HRT category 0), one HRT parameter abnormal (HRT category 1), or both HRT parameters abnormal (HRT category 2), as previously reported [13, 20] . VPCs were excluded if they failed to satisfy the following criteria: (1) The VPC should occur in isolation from the normal sinus beat occurring at least 12 beats before the VPC, and at least 20 beats after the VPC.
(2) The VPC RR maximum and minimum intervals should be greater than 20% and less than 20%, respectively, of the mean of the five preceding normal sinus RR intervals. (3) All RR intervals for the 12 beats before the VPC and 20 beats after the VPC should be greater than 300 ms and less than 2000 ms in duration, respectively. (4) All normal sinus RR intervals 12 beats before the VPC and 20 beats after the VPC should be within 20% of the mean RR interval of all beats in the 24-h ECG recording. (5) Any change in adjacent normal sinus RR intervals, 12 beats before the VPC and 20 beats after the VPC, should not be greater than 200 ms. In our data, the intra-and inter-observer variability (the coefficient of variation) to determine TS were 5.5% and 4.7%, respectively. The intra-and inter-observer variability to determine TO were 1.0% and 0.9%, respectively.
In time domain analysis, standard deviation of all NN intervals (SDNN), standard deviation of the averages of the entire recording (SDANN), the square root of the mean of the sum of the squares of differences between adjacent NN intervals (RMSSD), the number of pairs of adjacent NN intervals differing by more than 50 ms in the entire recording (NN50), and the NN50 count divided by the total number of all NN intervals (pNN50) were measured across a 24-hour period [21] . In power spectral analysis, the variance of NN intervals over the temporal segment (TP), power in the very low frequency component (VLF; ,0.04 Hz), low-frequency component (LF; 0.04-0.15 Hz), high-frequency component (HF; 0.15-0.40 Hz), and LF to HF ratio (LF/HF) were measured across a 24-hour period [21] . Spectral powers were expressed in ms 2 [21] .
Measurement of laboratory and echocardiographic data
Blood samples were obtained the morning after the polygraphy, while the patient was in the supine position in the fasting state. Plasma BNP level was measured using a specific immunoradiometric assay (Shionoria BNP kit, Shionogi, Osaka, Japan). Estimated glomerular filtration rate (eGFR) was measured by the Modification of Diet in Renal Disease formula [22] . Echocardiography was performed using the standard techniques by an experienced echocardiographer at the echo laboratory in our hospital during daytime. Echocardiographic parameters investigated included left ventricular ejection fraction (LVEF) and right ventricular fractional area change (RV-FAC) [23] . The LVEF was calculated using a modification of the Simpson's method. The RV-FAC, defined as (end diastolic area-end systolic area)/end diastolic area6100, is a measure of right ventricular systolic function [23] . All recordings were performed on ultrasound systems (ACUSON Sequoia, Siemens Medical Solutions USA, Inc., Mountain View, CA, USA). In our data, the intra-and inter-observer variability to determine LVEF were 4.3% and 2.5%, respectively.
Statistical analysis
Normally distributed data are presented as mean 6 SD, and non-normally distributed data are presented as median (interquartile range). Categorical variables are expressed as frequencies and relative frequencies. HRT and HRV data are presented as mean 6 SE. Characteristics between the two groups were compared using the independent Student's t-test for normally distributed data and the Mann-Whitney U test for non-normally distributed data for continuous variables, and the chi-square test was used for categorical variables. Correlations between RDI and TS were assessed using Spearman correlation analysis. Multivariable regression analysis was used to determine factors related to all-day TS. To prepare for potential confounding, we introduced the following factors, known to affect the TS into models: age, gender, NYHA functional class, heart rate (all-day), ischemic etiology, b-blockers therapy, eGFR, LVEF, and RDI. Parameters with statistical significance in the univariable analysis (P,0.10) were included in the multivariable analysis. A value of P,0.05 was considered significant for all comparisons. Finally, A value of P, 0.05 was considered significant. These analyses were performed using a statistical software package (SPSS ver. 21.0, IBM, Armonk, NY, USA).
Results
Clinical characteristics of study subjects
There were 17 patients with severe SDB (Group A RDI$30/h) and 58 patients with none to moderate SDB (Group B; 0#RDI, 30/h). Comparisons of clinical characteristics between Group A and Group B are shown in Table 1 . Standard pharmacotherapy including angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, and b blockers were given to a majority of patients. There were no significant differences in age, gender, NYHA class, medications taken, laboratory data, and echocardiographic data between the two groups. RDI, central-RDI, and obstructive-RDI were significantly higher, and lowest SPO 2 and mean SPO 2 were significantly lower in Group A than in Group B.
HRT and HRV parameters in CHF with severe SDB , P = 0.011) were significantly lower in Group A than in Group B. In contrast, RMSSD, pNN50, VLF, LF, and HF did not differ between the two groups. Furthermore, as shown in Figure 1 , there was a significant negative correlation between all-day TS and RDI (R = -0.257, P = 0.027). Moreover, in the multiple regression analysis (Table 2) , the independent factors to determine all-day TS were age, heart rate, LVEF and RDI.
Discussion
In this study of CHF patients with severe SDB, blunted TS was observed not only at nighttime but also across a 24-hour day. Furthermore, in the multiple regression analysis, RDI was an independent factor to determine all-day TS in CHF patients. This is, to our knowledge, the first study to show that SDB may induce HRT, heart rate turbulence; HRV, heart rate variability, NYHA, New York Heart Association; ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blocker; BNP, B-type natriuretic pepide; eGFR, estimated glomerular filtration; LVEF, left ventricular ejection fraction; RV-FAC, right ventricular fractional area change; RDI, respiratory disturbance index; Lowest SpO 2 , lowest oxyhemoglobin saturation; Mean SpO 2 , mean oxyhemoglobin saturation; TS, turbulence slope; TO, turbulence onset; SDNN, standard deviation of all NN intervals; SDANN, standard deviation of the averages of the entire recording; RMSSD, the square root of the mean of the sum of the squares of differences between adjacent NN intervals; pNN50, number of pairs of adjacent NN intervals differing by more than 50 ms in the entire recording count divided by the total number of all NN intervals; TP, variance of NN intervals over the temporal segment; VLF, power in the very low frequency component; LF, power in the low-frequency component; HF, power in the high-frequency component. Vagal Activity, Heart Rate Turbulence and CHF
Monitoring heart rate behavior and response is especially important for CHF patients because early autonomic nervous system dysfunction and neurohormonal activation play a dominant role in the progression and prognosis of this disease. [1] Impaired vagal activity is associated with increased mortality [2] . HRT is considered to be a vagally mediated phenomenon, noninvasively reflecting baroreflex sensitivity, which is frequently impaired in patients with CHF [24] . HRT is a measurement of the short-term oscillation of sinus cycle following a VPC, and VPCs are considered to lead to a deviation from the pressure set point of the barorecepter reflex for at least one beat [13] . TO measures the degree of early overshoot deceleration that occurs after a single VPC-induced pause, and TS indicates how fast the RR interval changes after the pause. In healthy humans, the unloading of baroreceptors is considered to lead to a transient withdrawal of cardiac vagal efferent traffic and sympathoactivation, which in turn leads to cardio-acceleration. Sympathetically mediated overshoot of blood pressure then leads to deceleration of sinus rate via increased vagal traffic. Such HRT measurements seem to evaluate both parasympathetic and sympathetic autonomic regulatory mechanisms in response to a defined stimulus. There are limited data regarding the association between TS and severity of CHF [12, 13, 20, 25] . Koyama et al. reported that TS was lower in CHF patients who subsequently died or were being admitted to hospital with worsening heart failure [12] . Moore et al. reported that TS is an independent predictor of death due to decompensated heart failure in ambulant heart failure patients [13] . Moreover, Cygankiewicz et al. reported that abnormal TS and HRT category 2 were independently associated with increased allcause mortality, sudden death, and heart failure death after adjustment for clinical covariates in multivariate analysis [14] .
Impacts of SDB on HRT and HRV in CHF SDB (especially OSA) is characterized by recurrent hypoxia, arousal, and the generation of exaggerated negative intrathoracic pressure, which increases sympathetic nervous activity, reduces cardiac parasympathetic activity, and causes repetitive surges in heart rate, blood pressure, and left ventricular preload and afterload, resulting in decreasing stroke volume [26] . Abnormal HRT and HRV have been reported in SDB patients without cardiovascular diseases [27] [28] [29] . Yang et al. reported that nighttime TS correlated inversely with the severity of SDB in SDB patients without cardiovascular disease [28] . No significant correlation of TO and the severity of SDB was observed [28] . Sleep is associated with dominant vagal activity in healthy subjects, and SDB may alter this physiologic event. Aytemir et al. also reported that impairment of TS was observed in SDB patients [29] . TS is also affected by several factors such as age, heart rate, NYHA functional class, b-blockers, and LVEF. These factors may be cause of individual differences of TS [12, 13, 20, 25] . However, in our multiple regression analysis, RDI was an independent factor to determine all-day TS in CHF patients. It has been reported that HRV is an appropriate parameter for estimating autonomic nervous control across a 24-hour period in CHF patients [30, 31] , and there is convincing evidence that autonomic nervous imbalance caused by SDB contributes to increased mortality in CHF patients [32] . Our data were concordant with previous reports showing that SDNN and SDANN were also significantly lower in HF patients with SDB [9, 33] . Thus, a blunted HRT and HRV oscillation indicated the impairment of autonomic nervous control and an increased risk for ventricular tachyarrhythmias and sudden cardiac death during the 24-hour period.
In the present study, we first demonstrated impairment of TS in CHF patients with severe SDB, and the severity of SDB is an independent factor of impaired vagal activity during the 24-hour period, regardless of age, heart rate, etiology, cardiac function and b-blocker therapy. These data may provide us with novel mechanistic and therapeutic insights to understand the clinical impacts of SDB on CHF patients. Thus, the impaired vagal activity protective approach by treatment of SDB has clinically important implications for improving the prognosis of patients with CHF.
Limitations
Our study has some limitations. First, our study was just observational nature and had no control groups such as patients with only SDB without CHF, and patients without SDB and CHF. Second, the patients with atrial fibrillation were excluded, because HRT could not be determined in the presence of atrial fibrillation. Third, the gold standard for diagnostic testing of SDB is fullchannel polysomnography, which provides detailed information about complete differentiation of the types of apnea. Therefore, 
Conclusions
In patients with severe SDB, blunted TS was observed across a 24-hour period. Furthermore, SDB is an independent factor of impaired TS. Common pathological mechanisms underlying SDB and CHF, leading to baroreceptor reflex suppression, may cause abnormal heart rhythm turbulence in CHF patients with severe SDB. These results suggest that SDB induce impairment of vagal activity across a 24-hour period and may be associated with poor prognosis in CHF patients.
